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M82 AS A GALAXY: MORPHOLOGY AND STELLAR CONTENT OF THE 

DISK AND HALO 

Y. Divakara Mayya^ and Luis Carrasco^ 
RESUMEN 

Favor de proporcionar un resumen en espaiioL If you are unable to translate your abstract into 
Spanish, the editors will do it for you. For decades, the nuclear starburst has taken all the limelight 
in M82 with very little discussion on M82 as a galaxy. The situation is changing over the last decade, with 
the publication of some important results on the morphology and stellar content of its disk and halo. In this 
review, we discuss these recent findings in the framework of M82 as a galaxy. It is known for almost half a 
century that M82 as a galaxy doesn't follow the trends expected for normal galaxies that had prompted the 
morphologists to introduce a separate morphological type under the name Irr II or amorphous. It is now being 
understood that the main reasons behind its apparently distinct morphological appearance are its peculiar star 
formation history, radial distribution of gas density and the form of the rotation curve. The disk formed almost 
all of its stars through a burst mode around 500 Myr ago, with the disk star formation completely quenched 
around 100 Myr ago. The fossil record of the disk-wide burst lies in the form of hundreds of compact star 
clusters, similar in mass to that of the globular clusters in the Milky Way, but an order of magnitude younger. 
The present star formation is restricted entirely to the central 500 pc zone, that contains more than 200 young 
compact star clusters. The disk contains a non-star-forming spiral arm, hidden from the optical view by a 
combination of extinction and high inclination to the line of sight. The halo of M82 is also unusual in its 
stellar content, with evidence for star formation, albeit at low levels, occurring continuously for over a gigayear. 
We carefully examine each of the observed abnormality to investigate the overall effect of interaction on the 
evolution of M82. 

ABSTRACT 

For decades, the nuclear starburst has taken all the limelight in M82 with very little discussion on M82 as a 
galaxy. The situation is changing over the last decade, with the publication of some important results on the 
morphology and stellar content of its disk and halo. In this review, we discuss these recent findings in the 
framework of M82 as a galaxy. It is known for almost half a century that M82 as a galaxy doesn't follow the 
trends expected for normal galaxies that had prompted the morphologists to introduce a separate morphological 
type under the name Irr II or amorphous. It is now being understood that the main reasons behind its 
apparently distinct morphological appearance are its peculiar star formation history, radial distribution of gas 
density and the form of the rotation curve. The disk formed almost all of its stars through a burst mode around 
500 Myr ago, with the disk star formation completely quenched around 100 Myr ago. The fossil record of the 
disk-wide burst lies in the form of hundreds of compact star clusters, similar in mass to that of the globular 
clusters in the Milky Way, but an order of magnitude younger. The present star formation is restricted entirely 
to the central 500 pc zone, that contains more than 200 young compact star clusters. The disk contains a 
non-star-forming spiral arm, hidden from the optical view by a combination of extinction and high inclination 
to the line of sight. The halo of M82 is also unusual in its stellar content, with evidence for star formation, 
albeit at low levels, occurring continuously for over a gigayear. We carefully examine each of the observed 
abnormality to investigate the overall effect of interaction on the evolution of M82. 
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1. INTRODUCTION 

Located at only a distance of 3.63 Mpc (image 
scale 17.6 pcarcsec"^; Freedman et al. 1994), M82 is 
one of the most observed objects. The nuclear star- 
burst and the associated galactic superwinds along 
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with the filamentary distribution of dust, not only 
give it a visually appealing morphology, but also 
make it an interesting object of study in the en- 
tire range of electromagnetic spectrum. It is one 
of the brightest infrared objects in the sky. His- 
torically, M 82 was g iven a morph ological class of 
Irr II by iHolmberg" ( IQSd ). 1 by de Vaucouleurs 



1959 ) and "Amorphous" by ISandage fc Brucato 



19791). It was referred to as an exploding galaxy 



bv lSandage fc Miller I (|l964l) due to the discovery ol' 
high velocity Ha filaments that were thought to be 
ejected from the nucleus. 

The exotic idea on the n ature of M82 were put to 



rest by the classical work s of | 0'Connell fc Mangano 



(|l978f ) and iRieke et al. I (|l980r ) , the latter success- 
fully explaining all the important observed fea- 
tures under the framework of a starburst model. 
Since then, the nuclear region of M82 is consid- 
ered an archetype for the starburst phenomenon. 
The discovery of a bridge of intergalactic gas 
connecting M82 to its neighbor M81 and subse- 
quent N-body simulations suggest that the star- 
burst in M82 is triggered by an encounter be- 
tween M82 and NGC3077, both memb e rs of 
t he M 81 group dCottesman fc Weliachewl Il977 : 



Yun. Ho. fc Lo II1993I ) 



Though there exist innumerable studies on M82; 
a vast majority of them discuss the nuclear starburst 
or a phenomenon related to the starburst activity. 
However, interest in M82 as a galaxy is growing in 
recent years. There are suggestions that in M82, we 
may be witnessing the formation of a new galaxy in 
our neighborhood. The principal aim of this review 
is to summarize the known properties of M82 and 
discuss these properties in the framework of M82 as 
a galaxy. 

In §2, we briefly discuss the properties of the cen- 
tral kiloparsec, which includes the starburst nucleus 
and the bar. The properties of the inner stellar disk 
(1-3 kpc) are discussed in §§3 and 4. The outer disk 
and the halo are discussed in §5. In §6, we discuss 
the significance of the presence of a population of 
compact star clusters in the disk. M82 as a galaxy 
and its current evolutionary status are discussed in 
§7. Concluding remarks are given in §8. 

2. THE CENTRAL KILOPARSEC 

2.1. The nuclear starburst and its large-scale 
influence 

The nuclear starburst occupies a region of around 
500 pc in size, and harbors around 6 x 10^ Mq of 
mass in stars ([Forster Schreiber et al.l 120011 ). Star- 
burst activity in the nucleus is going on in the form 



of intermittent bursts for the last 30 Myr, with 
two prominent bursts occurring in the last 10 Myr. 
Most of the stars formed in the bursts are concen- 
trated in more than 200 compact cl usters, popularly 
know i i as Super Star C lusterj^ ijO'Connell et al 
19951 : iMavva et al. l l2008l . SSCs). The energy lib- 



erated from massive stars in these clusters is re- 
leased as galactic superwinds, which are traced by 
the Ha and X-ray emitting gas as cone-shaped struc- 
tures along the minor axis of the galaxy up to dis- 
tances as far as 10 kpc above the galactic plane 
( Lehnert. Heckman fc Weaver I [l999[ ). The central 
starburst region has a patchy appearance in the op- 
tical bands with more than 4 mag of visual extinc- 
tion if the majority of the obscuring dust resides 
in a foreground scre en and 43-52 mag if dust i s 



mixed with the stars! Forster Schreiber et al.ll200lh 



Surrounding the active starburs t region, there is a 



molecular ring of 400 pc radius ( Shen fc Lo 19951 ) 



The patchy optical appearance and the Ha emitting 
cone are illustrated as a (color) composite image, 
formed using the -B, V and Ha images taken with 
Subaru telescope, in the top-left panel of Figure [T] 



(jOhvama et al. Il2002f) 



The nature of the off-planar structures seen in the 
Ha im ages were historically arg ued to be of explosive 
origin (jSandage fc Miller 1964). However, polariza - 
tion observations by Visvanathan fc Sandagj ( 1972 ). 
Schmidt et all (|l976[ ) and IScarrott et all (|l99l[ ) es- 
tablished that much of the halo Ha emission is in 
fact the disk hght scattered by the dust particles 



in the halo. iBland fc Tuiivl (jl98^ and more re 



ccntly Ohvama et al. I (|2002f ) established that it con- 
stitutes two components: the first component con- 
sists of filamentary, narrow-line emission (full width 
at half maximum (FWHM) < 200 kms~^) organized 
into a bipolar outflow over the surfaces of two elon- 
gated bubbles, and the second component consists 
of broad-line (at FWHM 300 kms^^) and contin- 
uum emission arising from a faint exponential halo 
that rotates slowly with the disk. The mid infrared 
spectra of the halo taken by recent observations by 
the Spitzer telescope have confirmed the presence of 
dust in the halo a s is illustrated in the bo ttom-left 
panel of Figure [T] (|Engelbracht et al. Il2006h . 



■^It is interesting to note that ICarrasco et al. had 
identified these compact objects on the photographic images 
and called them Superclusters almost a decade before they 
were discovered by the Hubble Space Telescope (HST) and 
eventually called by the same name. 
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Fig. 1. Multi-band views of M82 illustrating the interplay between stars, gas and dust. In the color composite optical 
(BV and Hq) Subaru image (top-left), we see the stellar disk and the dust lanes, with the Ha emission tracing a bi- 
conical structure along the minor axis. In the NIR {JHK; top-right), and Spitzer 3.6/im (bottom- left) images, the most 
prominent structure is the central bar, which is completely obscured in the optical image. Filaments along the minor 
axis of the galaxy in the Spitzer image, trace the distribution of PAH particles and hot dust. A zoom of the SW part 
of the HST I-band image is shown in the bottom-right panel. Notice the grainy appearance of the image, which is due 
to the fact that individual stars and compact star clusters are resolved in this image. 



2.2. The central galactic components: The Bar and 
the Bulge 

The almost dust-free vision of M82 in the near 
infrared 



bands, 
bar 



Telesco et al. I (|l99ll ) to 



allowed 

of ~1 kpc length as soon as the 



discover a 

imaging technology became available at these wave- 
lengths. The kincmatical data are fully consistent 
with the stars orbit ing in radial orbits along this bar 



(I Wills et al. Il200d) . The bar contributes substan- 



tially to_the dynamical mass in the central region. 
Sofue I (|l998[ ) estimated a mass of ~ 10^° Mq for the 
entire galaxy, with most of this mass concentrated 
within the central 2 kpc. A near infrared (NIR) com- 



posite image from Mavva. Carrasco fc Luna"! ( 2005h 
is presented in the right panel of Figure [1] where it 
can be clearly seen that the bar dominates over a 
smooth disk component at these wavelengths. 



How big is M82's bulge? ISofue I (|l998f l inter- 
preted the entire galaxy as the bulge of what was 
once a normal late type galaxy. The near infrared 
intensity profiles (see Figure [2]) show an excess nu- 
clear light above that expected for an exponen- 
tial disk, which was probably inter preted a s com - 
ing from the bulge component by Sofue I ( 1998 ). 
However, a detailed surface photometric analysis of 
the profiles suggest that the observed excess nu- 
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Fig. 2. Multi-band radial surface brightness profiles of 
M82. The numbers at the top-right corner correspond 
to the exponential scale length in arcseconds in the indi- 
cated bands. Notice the gradual flattening of the profiles 
at shorter wavelengths. The bar is responsible for the 
steep increase of intensities in the NIR bands in the cen- 
tral part. 

clear light can be completely explained in terms 
of the contribution from the nuc leus and the bar. 
Gaffnev. Lester fc Telescol (|l993[ ) have looked for 
kinematical evidence for the bulge and gave an upper 
limit of 10^ Mq for the bulge mass with a maximum 
size of 7.5 pc. 



3. THE INNER (1-3 KPC) DISK: 
MORPHOLOGY AND DYNAMICS 

3.1. Optical and near infrared surface photometry 

Detailed optical surface photometric analysis of 
M82 is hindered by the obscuration caused by the 
dust along the line of sight, which is expected given 
the large inclination of the disk of the galaxy to the 
sky-plane (77°). Disk outside the central starburst 
suffers considerably lower extinction — nevertheless 
the obscuring dust can be easily traced in the optical 
images even at 2 kpc (~ 120") distance away from 
the nucleus. On the other hand, the NIR surface 
brightness is not affected by the dust. These are 
ill ustrated in Figure [T] 

made a first 



Blackman. Axon fc Tavlor 



attempt to obtain a detailed surface photometry of 
the disk of M82, using the photographic and elec- 
tronographic images in the B and V-bands. They 
found that the profiles for galactocentric distances 
i?G < 90" and Rq > 210" are indistinguishable 



from those of normal, late type spiral galaxies. Be- 
tween these radii there is evidence for an enhance- 
ment which can be attributed to scattering of light 
from the inner component or disk by dust parti- 
cles. We confirm their findings using new digital 
data (Figure [2|) , where we can clearly see the en- 
hancement as a bump in the radial intensity profiles 
between Rq '^90-150". The bump is stronger at 
shorter wavelengths, suggesting that the excess light 
is relatively bluer — a characteristic property of scat- 
tered hght. It can also be noticed in this figure, that 
the profiles at Rq > 60" can be very well fitted by an 
exponential function, with the scale-lengths system- 
atically increasing at shorter waveleng ths — again a 



property characteristic of dusty disks (jEvans Ill994j ). 
The shortest scale-length is reached in the i^-band, 
where the observed scale-length (47" = 0.8 kpc) is 
expected to represent the scale-length of the mass 
distribution. In the very central part, there is clearly 
an excess of NIR light over the exponential disk, 
which is associated with the central starburst and 



the bar, first noticed bv lTelesco et al. I (|1991I ) 



It may be recalled that the "failure to resolve 
individual stars or stellar complexes" was one of 
the defining criteria for the Irr II (or amorphous) 
morphological class assigned to M82. The amor- 
phous appearance seen on the ground based images 
of M8 2, breaks down at the r esolution of HST/ACS 
images (IMutchler et al.ll2007l ). especially in the F814 
(I) band as can be seen in the bottom-right panel 
of Figure [TJ At mid infrared wavelengths, Spitzer 
images show the graininess even at arcsec resolu- 
tions (bottom- left panel of Figure [T|). The amor- 
phous appearance on the ground-based optical im- 
ages is caused by the dust scattering which acts to 
smoothen the images. The contribution of the scat- 
tered light progressively decreases at longer wave- 
lengths, paving the way to visualize the inherent 
morphological structures and individual stars. 

3.2. The spiral arms and the Irr II classification 

The classification of Irr II does not contra- 
dict the presence of spiral ar ms, one of the clear - 
est examples being NGC972 (jMavva et all Il998[ ). 
O'Connell fc Manganol (|l978[ ) have noted that the 
gross properties of M82 — its mass, luminos- 
ity, size, mean spectral type — are comparable 
to those of normal late type (Sc/Irr) galaxies. 
Blackman. Axon fc TavIoTI (|l979f ). based on the ra- 
dial intensity profile analysis, suggested that the 
overall structure of M82 resembled that of late-type 
spiral galaxies, rather than an irregular galaxy. The 
presence of spiral arms were always suspected in this 
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Fig. 3. Illustration of the spiral arms of M82. The gray- 
scale image shows the spiral arms that best match the 
if-band residual image (contours), which was obtained 
by subtracting an exponential disk from the observed 
image. The ellipse with arrows indicates the sense of 
rotation of stars expected for trailing spiral arms. 



amorphous galaxy: N-body simulations of the inter- 
action of this galaxy with the members of M81 grou p 
predicted the generation of spiral arms ( Yun 1999f ): 
feeding of the nuclear starburst suggested the pres- 
ence of spiral arms, without which it is difficult to 
explain the transport of gas from several kiloparsec 
distances to all the way u p to the end of the bar 
(jBarnes fc Hernguist 1119921 ). 



Mavva. Carrasco fc Luna I (|2005[ ) discovered the 



spiral arms in M82 by analyzing deep JiJJ^-band 
images, and using the unsharp masking technique — 
a method popularized by David M alin for ampli fica- 
tion of faint photographic images (jMalin 1119781 ). In 
Figure [HI we display the modeled image of the spiral 
arms. The absence of a dominating bulge, and the 
relatively open arms (pitch anglc=14°) suggest that 
M82 is a late-type spiral (SBc), which is consistent 
with the gross properties discussed above. 

In normal galaxies, the spiral arms are easily 
traced in the Ha and the _B-band images due to the 
preferred association of the star forming regions with 
the arms. We find that the arms of M82 are not form- 
ing stars at present. In fact, the entire disk of M82 
has stopped forming stars at around 100 Myr ago, as 
will be discussed in §4. In the absence of star-forming 
HII regions, the discovery of arms requires one to 
trace the underlying stellar continuum emission in 
the optical and NIR wavelengths. However, (1) the 
high obscuration caused by dust, (2) decreased con- 
trast of the arms due to the scattered light, and (3) 
the nearly edge-on orientation of the disk make the 
detection of the spiral arms in the optical images an 
impossible task. The first two effects can be partly 
overcome by using the NIR images. However, NIR 
band has a dis-advantage for searching spiral arms 



— spirals are generally bluer than the surroundings 
making the spirals intrinsically less prominent at the 
NIR wavelengths. Thus, it is not surprising that the 
spiral arms could be detected only after subtracting 
the smooth exponential component even in the NIR 
images. 

3.3. The gas and dust content 

Late- type spiral galaxies are rich in gas content, 
with the neutral gas extending all the way up to, and 
some times even beyond, the optical disk. M82 as a 
galaxy is abnormally gas-rich wi th the gas fraction 



by m ass being as high as 30-40% ([Young fc Scoville 



19841 ). However, most of the disk gas is concentrated 
in the central 1 kpc region. There exists gas outside 
this radius but most of it is warpe d southwards in 
the dire ction of its companion M81 (lYun. Ho. fc Lo 



200^. Thus much 



19931 : IWalter. Weiss fc Scoville 
of the disk of M82 is gas-poor. 

Almost all of the Ha emission lies in the nucleus 
and the halo, with HII regions not even detectable 
in the spiral arms. However, there is ample evidence 
for the presence of dust in the inner disk. These ev- 
idences are: (1) spectra all the way to 3 kpc show 
Na absorption lines, whose stre ngth and line widt h 



suggest their interstellar origin iGoetz et al.lll990f) 



(2) spectral energy distribution of the disk obtained 
from long-slit spectra and multi-band photometry 
suggests a visual extinction of ~1 mag (see the con- 
tribution of Rodriguez-Merino et al. in this volume), 
and (3) the cluster colors sugges t the prese nce of ex- 
tinguishing dust at parsec scales (jMavva et al .,,20081) . 



3.4. The mass and mass-to-light ratio 

The rotation curve of M 82 has been derived in 
several studies using both stell ar and g a seous trac- 



ers up to a radiu s of 170". Mavall ( 1960l ) and 



Goetz et al. ( 1990l ) obtained a rotation curv e using 



optica l emission and absorption lines, whereas [Sofue 



(|1998[ ) used the CO and HI lines. In all these stud- 
ies, the rotation curve has been modeled to obtain 
the radial distribu tion of mass. In the radial zone 
Mavall I l|l960[) estimated a mass 
whereas the masses estimated b 
50% lower 



between 70-170" 
of 4 X lO^M p, 



Goetz et all (|l990l) 



Sofue I ( 199; 



found that most of the mass is concentrated within 
the central 1 kpc radius, with the mass distribution 
outside this radius consistent with an exponential 
mass surface density profile. Significantly, there is 
no evidence for a dark matter halo, and hence the 
entire mass outside the central bar can be associated 
with the stars and gas in the disk. 

We compiled all the reliable velocity data from 
the literature and re-calculated the maximum mass 
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that the data permit outside the nuclear starburst 
zone for an exponential mass distribution of scale- 
length 48", the value derived from the iiT-band im- 
age. The resulting fits to the observed rotation curve 
are shown in Figure^ It can be seen that the peak of 
the rotation curve is reached at a radius of 30", with 
the disk mass outside this radius contributing very 
little to the observed velocities. The peak velocity 
measu r ed usi ng the cold gas tracers (HI and CO by 
Sofue ( 1998f )) is substantially higher than the opti- 
cal tracers, with the result that the inferred mass in 
the starburst region is a factor of 2.5 higher for the 
former. However, both the tracers give a maximum 
mass of 2 X 10^ Mq outside this zone, which is consis- 
tent with the values derived bv lGoetz et all (fl990,' ) . 
Given that both the HI and CO have been detected 
in the cone of gas that is outflowing from the nuclear 
zone, and also along the off-planar streamers, the ve- 
locities measured by these tracers may not represent 
the circular velocities in the plane. Hence, veloci- 
ties measured by the optical tracers, especially the 
stellar absorption lines such as the Balmer lines, are 
expected to be more representative of the circular 
velocities. 

We obtained the M/Lk of the disk outside a 
radius of 1 kpc by combining the disk mass and 
the -ftT-band luminosity in the same radial zone (70- 
170"). The resulting value is 0.15 ± G.Q^Mq/Lkq. 
At least 15% of the disk mass in the radial zone 
outside 70" is in the form of atomic and molecu- 

For comparison. 



19841 ) 



lar gas (jYoung fc Scoville 
M/Lk = 1 if the typical stars are solar-like. The 
observed low value of M/Lk indicates that the disk 
is dominated by stars that are more massive than the 
Sun, consistent with the A -F spectral clas sification 



assigned for this galaxy bv iMorgan" ( 1958 ). 

4. THE INNER (1-3 KPC) DISK: STELLAR 
CONTENT 
4.1. Age of the dominant stellar population 

( 2006f ) used the long-slit spectra 



Mavva et al.l 



along the major axis of M82 to age date the domi- 
nant stellar population on either side of the nucleus. 
The position of slit along the major axis as well as 
the identification of some of the age-sensitive absorp- 
tion features are shown in Figure [S] Each spectra is 
obtained by averaging the long-slit spectra spatially 
over a width of 40-50". Spectrum corresponding to 
60" radius on the northeast side encloses the bright 
optical patch known as "M82-B" . The four spectra 
corresponding to radius< 110" arc strikingly simi- 
lar. The outer spectra show a slight difference in the 
relative intensities of the Ca II K & H lines, with 
respect to the inner disk spectra. 
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Fig. 4. The rotation curve and mass model for M82 us- 
ing cold gas (top) and stellar and ISM absorption line 
(bottom) velocity measurements. The vertical error bars 
denote the errors in the measured velocities. The hori- 
zontal error bars denote the beam size in the top panel 
and the range of radius where the measured velocities re- 
main almost the same, in the bottom panel. The dotted 
line corresponds to the rotation curve for a mass distribu- 
tion that is entirely concentrated within the 30" radius 
(solid body inside, and Keplerian outside this radius). 
The effect of adding an exponential disk of scale length 
48" is shown by the solid line. 

Comparison of the features in the observed spec- 
tra to those from a Single Stellar Population (SSP) 
model, gives an age of 0.5 Gyr for the populations 
for the disk interior to 110" radius (i.e. < 2 kpc). 
More importantly, the spectra are not consistent 
with mean ages greater than 0.7 Gyr. The 160" 
spectra (2-2.7 kpc radial zone) suggest a popula- 
tion that is marginally more evolved as compared 
to that of the inner part of the disk, with an age of 
0.9 ±0.1 Gyr. 

4.2. Global Star formation history 

From the discussions above, it is clear that the 
inner disk of M82 has a low M/Lk, and a young 
mean age, as compared to those for a normal disk 
of a late-type galaxy. Detailed analysis of abun- 
dances of elements in cold, warm and neutral gas, 
suggest s that the a eleme nts are systematically en- 
riched (jOriglia et al.ll2004[ ). These are unmistakable 
signatures of a disk seen immediately after a major 
star-burst. Detailed modeling of these data suggest 
that almost all the observed stellar mass of the disk 
was part of a burst lasting for only a few hundred 
million years, the burst having completely stopped 
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Fig. 5. Blue part of the major axis spectra extracted on either side of the center at three radial zones centered at 
galactocentric distances of 60", 110", and 160" are shown. Approximate positions of the extracted spectra on an optical 
image are shown by the arrows. Prominent age-sensitive features are indicated. 

4.3. Spatially resolved star formation history from 
star counting 

A recent study bv lDavidge" ( 2008a ) using the IR 
color-magnitude diagrams for the resolved red stars 
threw more light not only on the evolutionary sta- 
tus of the inner and outer disk, but also that of the 
halo. In this section, we discuss the results pertinent 
to the inner disk, postponing the discussions of the 
results for the outer disk and halo to the next section. 
Deep wide-field images taken with the MegaCam and 
WIRCam instruments on the Canada- France-Hawaii 
Telescope (CFHT) were used in his work to trace 
the brightest stars seen longward of the traditional 
i?-band. Specifically, r', z' , J, H and if-bands 
were used. The exposures were long enough to allow 
the detection of the asymptotic giant branch stars 
(AGBs) in M82. 

One of the aims of Davidge's study was to test 
the burst nature of star forma tion i n the inner disk 

2006f) . According to 
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Fig. 6. Star formation history of the disk of M 82 that 
reproduces best the observed properties. More than 90% 
of the observed disk mass is produced in the burst. 



around 0.5 Gyr. The resulting star formation history 
is shown in Fig ure El Further deta ils of the model 
can be found in lMavva et al. I (|2006l) . 



predicted by us (jMavva et al 



the burst model, the disk should mostly contain 
stars that are ol der than 0.5 Gyr. According to 



the isochrones of iGirardi et al.l (|2002l ). stars arc in 



their AGB phase at these ages, which are above the 
detection limits of the CFHT observations. Addi- 
tionally, the disk is not expected to contain stars 
that are formed relatively recently, such as OB stars. 
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and Red Super Giants (RSGs). From the analysis of 
color- magnitude diagrams (CMDs), Davidge firmly 
established the absence of these relatively younger 
stars in the entire disk. He found that the brightest 
stars populating the CMDs are the AGB stars. The 
progenitors of these stars are of a few solar masses, 
with the brighter AGBs being slightly more massive 
and younger as compared to the relatively fainter 
AGBs. 

The i'-band luminosity function for the inner disk 
(2-4 kpc) is reproduced in the top panel of Figure [T] 
It has a peak at i' = 23.4 mag, the number density 
of stars dropping significantly on either side of the 
peak. The brightness corresponding to the peak is 
more than a magnitude brighter than the limiting 
magnitude, suggesting that the peak is real and not 
due to the incompleteness on the fainter side. Given 
the one-to-one relation between the age and mag- 
nitude during the AGB-phase, the luminosity func- 
tion can be used to infer the star formation histories 
(SFHs). The observed luminosity function resembles 
exactly that expected for a burst mode of SFH. The 
peak corresponds to a peak in the starburst activ- 
ity at ~ 0.5 Gyr ago. There are hardly any stars 
brighter than i' 22 mag, implying the absence of 
stars younger than ^ 100 Myr. 

Another finding in our study is that only less 
than 10% of the presently observed disk mass is con- 
tributed by the stars older than about 1 Gyr. Other- 
wise, the disk stellar mass would exceed the observed 
dynamical mass for the inner disk. Data give an in- 
dication of a decrease in the number density of stars 
older than ~ 1 Gyr. However, the detection limit 
and the present status of understanding of the evo- 
lution of AGB stars, do not allow a conclusive answer 
about the absence of these older stars. 

Thus, star formation history derived from the re- 
solved stellar population is in excellent agreement 
with the burst model we had proposed. These new 
observations can be used to fine tune the burst 
model. It seems the burst strength decreased grad- 
ually after it peaked at ~ 0.5 Gyr, continuing up to 
100 Myr ago, terminating abruptly at this age. The 
continuation of the burst to relatively younger ages 
as compared to our model, implies that the M/Lk 
could be accommodated with slightly more mass in 
the pre-burst stars. Thus the mass in these stars 
could be slightly higher than the 10% of the disk 
mass predicted by us. 

5. THE OUTER DISK AND THE HALO 
5.1. The outer stellar disk 
The short scale length of the M82 disk implies 
that the disk intensity falls more rapidly with radius 




Fig. 7. The i'-band Luminosity Functions (LFs) of stars 
in the M82 disk. no. 5 is the number of stars w ith r' — i' 
betwee n and 2 per 0.5 i' mag per arcmin^. See lPavidee I 
(12008^ 1 for more details. 



in this galaxy as compared to that in normal late- 
type galaxies. As a consequence most of the detailed 
information on the disk exists only for the inner 
4 kpc. The disk size defined as the radius at which 
S-band surface brightness falls to 25 magarcsec"^ 
is as big as 6.5' (6.9 kpc). Thus the discussions of 
the previous sections pertained to basically the inner 
half of the disk. From now-on- wards, we refer to the 
part of the disk at galactocentric distances greater 
than 4 kpc as the outer disk. 

Did the outer disk also participate in the large- 
scale starburst following the interaction? Does it 
also lack stars older than the burst? Obtaining spec- 
tra that could be used to age date the outer disk 
{^jLb > 22 magarcsec"^) is challenging even for the 
largest present-day telescopes. In the absence of 
spectroscopic ages, approximate ages of the promi- 
nent stellar population could be estimated using the 
mass-to-light ratios. However, the outer disk lacks a 
commonly used tracer of rotation curve such as Ha, 
or HI, and hence the dynamical mass estimates are 
not available. 

The CMD of resolved stars in the NIR bands of- 
fers an alternative way to determine the ages of stel- 
lar populations a nd SFH o f the ou ter disk. Using 



such a technique, iDavidge I (|2008af ) found that the 



AGB stars are the brightest NIR stars in the outer 
disk, similar to the results found for the inner disk. 
AGB stars are detected even at radial distances as 
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far out as 12 kpc from the center. Throughout the 
outer disk, there is a clear lack of stars younger than 
^ 100 Myr, which suggest complete cessation of star 
formation activity in the last 100 Myr. The I'-band 
LF for three radial zones are displayed in the bottom 
three panels of Figure [71 It can be seen the SFH of 
the outer disk is qualitatively very similar to that of 
the inner disk. In the figure, we can see a trend of 
the peak of the LF shifting systematically to fainter 
magnitudes at larger radius. The existence of a peak 
before the 50% confusion Hmit suggests that the star 
formation in these parts of the disk also occurred in 
a burst mode, and that the observed trend suggests 
that the most active period of star formation was sys- 
tematically earlier farther out in the disk. At around 
10 kpc distance from the center, the burst seems to 
have started around 3 Gyr ago. 

The above ages should be considered tentative, 
until they are corroborated with observations that go 
around 1 or 2 magnitudes deeper. If they are found 
to be correct, then it calls for a new modeling regard- 
ing the triggering of the burst. M82 went through an 
interaction with the members of M81 group around 
500 Myr ago. The age of the burst in the inner disk 
is consistent with the idea that the interaction was 
responsible for its triggering. However, if the bulk 
of the red population is as old as 3 Gyr, then clearly 
the burst couldn't have been triggered by the latest 
interaction. 



5.2. The stellar halo 
Sakai fc Mad^ ^9M) used the HST/WFPC2 



V and /-band images to study the properties of the 
resolved stellar populations of two adjacent fields in 
the northeast part of the halo. The limiting magni- 
tude in these fields was around 1 magnitude below 
that expected for the tip of the red giant branch 
(TRGB) stars, and the crowding of stars was not 
a serious problem in defining the TRGB. In both 
the fields, they detected large quantities of RGB 
stars, and also candidates for AGB stars. One of 
their fields passed through the off-planar HI fila- 
ment, where they found significantly higher fraction 
of AGB stars, indic ating the presence of intermcdi- 
ate age populations. Davidge et al.l (2004) studied a 
region in the halo at a projected distance of ~1 kpc 
south of the M82 disk plane, using the H and K'- 
band images at 0.08" FWHM and found conclusive 
evidence for the presence AGB stars . 



In a more recent work, iDavidge I (|2008af ) studied 
the population residing in the halo along the mi- 
nor axis of the galaxy. AGB stars were detected 
even at 7 kpc distances about the disk plane. But 



unlike in the disk, stars of younger ages are also 
found in the halo. Davidge argued that the major- 
ity of halo stars are formed in situ in small associa- 
tions or clusters and then dispersed to form the dif- 
fusely distributed population in the halo. It may be 
noted that there are several isolated Orion-like star- 
formin g regions in the intra -group medium of M81 



group (jde Mello et al 



2008f). includin g one 6 kpc 



to the south of M82 (lDavidge1 l2008bf) 



Saito et al. I (|2005[ ) had reported the discovery of 



two glo bular clu s ters at the extreme south of the 
galaxy. iDavidge I (|2008a[ l also encountered 5 objects 
that can be candidates for globular clusters. How- 
ever, all these objects lie in the direction of M81, 
putting some doubts regarding their affiliation to 
M82. 

6. THE SUPER STAR CLUSTER POPULATION 
IN THE POST-STARBURST DISK 

One of the biggest achievements of the HST is 
the discovery of the blue compact star clusters in 
external galaxies, frequently referred as Super Star 
Clusters or SSCs. Starburst activity seems to be the 
necessity condition for their formation and the star- 
burst nucleus of M82 is one of the fi rst regions where 



SSCs in large numbers are found (jO'Connell et al 



19951 ) . If the disk of M82 suffered a large-scale star- 
burst following its interaction with the members of 
M81 group, then it is very likely that several SSCs 
were formed, and are still surviving. The wide field 
imaging capability of the ACS provided an opportu- 
nity to search for the SSCs in the disk of M82. A rich 
population of clusters is indeed discovered, some of 
which can be easily noticed in the bottom-right Fig- 
ure [T] (bright points). The details of the search and 
their properties including the i r evol utionary status 
are published in iMavva et al. I (|2008l) . Here, we dis- 
cuss the properties of the cluster population from the 
point of view of M82 as a galaxy. 

A total of 653 clusters were found, nearly 400 
of these situated outside the nuclear zone. Spectro- 
scopic ages are available only for a handful of these 
clusters, with none of the clust ers older than 200 Myr 
( Konstantopoulos et al.l[2008f l. Given that the disk 
is not heavily affected by the obscuration by dust, 
optical colors can be used for estimating the ages 
of the clusters. Both the V — I and B — V colors 
are consistent with an age of less than 0.5 Gyr, with 
the visual extinction of around 1 mag. The radial 
distribution of the number and derived mass of the 
clusters is given in Figure [5] The cluster density is 
maximum within 200 pc of the nucleus, thereafter 
decreasing almost monotonically. The mean as well 
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Fig. 8. Radial distribution of the number (top) and mass 
(bottom) of the Super Star cluster population in M82. 
The mean mass of the cluster population at each radius 
is shown by the solid line. The dotted vertical line in the 
bottom panel divides the nuclear clusters from the disk 
ones. 

as the maximum mass of clusters are the highest at 
around 0.5 kpc distance from the nucleus, just where 
the bar ends. The mean cluster mass decreases as a 
function of its distance from the center. 

There are no detectable clusters at galactocentric 
distances greater than 4 kpc. The ACS images cover 
around 6 kpc distance along the major axis on either 
side of the nucleus. In addition, given the low surface 
brightness of the outer disk, the detection limit is 
more than a magnitude fainter than in the inner disk. 
Hence, the non-detection of compact clusters in the 
outer disk is intriguing. 

The absence of SSCs in the outer disk could be 
either because the conditions were not suitable for 
the formation of SSCs or that the SSCs there are 
preferentially destroyed. On an average SSCs are less 
massive and more extended at larger galactocentric 
distances, making them more and more vulnerable to 
the destruction by tidal forces. Thus, even if SSCs 
were formed in the outer disk, they could have been 
destroyed. 

7. M82 AS A GALAXY 

The low inferred mass, absence of a dominating 
bulge and relatively open nature of the newly dis- 
covered spiral arms all point to a late morphological 
type for M82. The relative scarcity of globular clus- 
ters is also consistent with a late morphological type. 



Davidge I (j2008al) compared the stellar properties of 
the disk of M82 with NGC2403, a late type isolated 
galaxy with mass similar to that of M82. He found 
that M82's stellar disk extends at least up to 12 kpc, 
which is comparable to the size of the stellar disk of 
NGC2403 (~ 14 kpc), inferred using the same tech- 
nique as in M82. He also found that the number of 
bright AGB stars per unit surface brightness (in the 
K-hand) in the outer disks of M82 and NGC2403 are 
similar. 

However, M 82 differs from normal spiral galaxies 
in the following ways: disks of normal spiral galaxies 
are characterized by star formation that is continu- 
ing uninterrupted over t he Hubble time, with mean 



stellar ages of > 5 Gyr (jKennicutt et al .11 19941 ). On 



the contrary, there are no stars formed in the re- 
cent 100 Myr in the disk of M82 and most of the 
disk stars are formed in a burst with mean age as 
young as 0.5 Gyr. This peculiar SFH makes M82 
deviate from the normal galaxies in the relations be- 
tween global parameters: it is too bright and also 
metal rich f or its relatively low estim ated mass of 



10^° Mq (jKarachentsev et al.ll2004l ) 



It is interesting to note that a number of inter- 
acting galaxies also show disk-wide star formation 
at present: ex amples being NGC 4038/9, Arp299 
and NGC 4676 (iMirabel et al.lll998l : iHibbard fc Yml 
19991 : IXu et all [20001 ). This kind of widespread star 
formation in galactic disks is probably induced by 
shocks generated in the interstell ar medium follow- 
ing the interaction ( Barnes |2004[) . 



If the disk-wide starburst happened in the exist- 
ing stellar disk, then we should be able to infer the 
presence of such a disk through observations of the 
pre-burst stars. As of now there is no compelling 
support for the existence of such a disk. This gives 
rise to two possibilities: (1) the pre-coUisional disk 
was intrinsically of low surface brightness (LSB) , or 
(2) it was a normal late-type galaxy, but its disk, 
along with the metal-enriched gas was stripped dur- 
ing the collision. Alternatively, M82 could be in the 
process of formation, with the starburst being the 
first major event of star formation in a purely gas- 
rich galaxy. We discuss these three cases individually 
below. 



7.1. 



Gas accretion and starburst in an LSB galaxy 
( 19991) discussed pre-coUisional galaxy 



Mihos 



properties that favors star formation in the disk, be- 
fore the burst is turned on in the center. He found 
that the pre-coUisional galaxy should be a normal 
high-surface brightness galaxy with a big bulge or a 
gas-rich LSB galaxy. If the pre-coUisional M 82 had 
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a big bulge, it would have survived the interaction 
(|Sofuelll998h . However, the observed bulge of M82 
is small, consequently, pre-coUisional M82 should 
have been a gas-rich LSB galaxy. Even if the LSB 
galaxy was gas-poor to begin with, it might have 
acquired vast amounts of gas as it drifted through 
the clouds in the intra-group mediu m of M81 as sug- 
gested by lYoung fc Scoville (1984). Deep observa- 
tions aimed at detecting a stellar disk with properties 
expected for known LSBs would be required to test 
this scenario. 

7.2. Rejuvenated star formation in a stripped stellar 

disk 



In the scenario proposed bv lSofue I (|1998f ). a disk 
of old stars is not expected underneath the newly 
formed disk. Instead, the old stars from the stripped 
stellar disk and the halo should be found somewhere 
in the M81 group. In recent years several fields in 
the intergalactic medium in the M81 group had been 
the target of HST observations. However, none of 
these studies so far have reported the discovery of 
stripped stars. It should be noted that the majority 
of the pre-coUisional stars are expected to be low- 
mass main sequence stars, which are below the de- 
tection limit of the HST observations. The bright- 
est prc-coUisional stars are expected to be RGB 
stars, wh ich are also not detected in the intra-group 
medium. ISakai fc Madore I (|l999l ) detected the RGB 
stars in the halo at a radial distance of 2 kpc. The 
stripped stars are expected to be much farther than 
this, else they would have contributed to the rotation 
curve. 

However, not all the available data today favor 
this hypothesis. For example, according to this hy- 
pothesis stellar content and velocity field of M82 
should be dominated by those typical of bulge stars. 
On the other hand, the stars dominating the light 
immediately outside the nuclear region are much 
younger than that in typical bulges, and the velocity 
fields are d ominated by the b ar potential rather than 
the bulge (IWills et al. Il200d) . 



7.3. A nearby galaxy in formation? 

M 82 resembles the luminous blue compact galax- 
ies seen at redshifts 0.2-1.0 in having high luminos- 
ity, sh ort scale length, a nuclear starburst and low 



mass (jNoeske et al.l 120061 ) . Thus in M82, we may 



be witnessing stars being formed for the first time 
in its disk, probably in the debris left behind in the 
interaction. In other words, M 82 could be a nearby 
galaxy in formation. If this is the case, then the de- 
tection of RGB stars in the halo of M82 may have 
been acquired recently. 



While we can not rule out completely none of the 
three models proposed here, majority of the obser- 
vations favor the starburst in a gas-rich LSB model. 

8. SUMMARY AND FUTURE RESEARCH 

Studies in the last decade have undoubtedly es- 
tablished that M82 is a late type spiral galaxy. Its 
unusual optical appearance, which was responsible 
for its distinct historical classification, is the com- 
bined effect of dust scattering, high inclination, and 
peculiar star-formation history. The disk of the 
galaxy formed most of its stars in a burst mode, 
rather than continuously over the Hubble time like 
in normal late type galaxies. The disk-wide burst 
model was initially proposed based on the data on 
the inner disk (radius< 3 kpc). However, recent data 
on the outer parts suggest that the burst model is ap- 
plicable as far out in the disk as 12 kpc radius. The 
star-formation in the disk was completely quenched 
following the burst, as evidenced from the lack of 
stars younger than ^ 100 Myr anywhere in the disk. 
The data seem to suggest that the starburst activ- 
ity stopped systematically at earlier times at dis- 
tances farther out in the disk. It may be possible 
that the starburst activity first started in the outer 
disk, which then moved progressively to inner radii. 

It is now well established that the burst activity 
of the inner disk is related to the latest encounter 
between M82 and its neighbors M81 and NGC3077 . 
According to the scenario proposed bv lSofue ( 1998 ). 
the interaction ha ppened arou nd 1 Gyr ago. Numer- 
ical simulations of YunI ( 19991 ) indicate that the last 
encounter happened more recently, around 300 Myr 
ago. In the burst model that best fits the obser- 
vational data for the inner disk, the burst started 
around 800 Myr ago, and lasted for around 300 Myr. 
The duration, as well as the commencement of 
the burst were mainly constrained by the observed 
M/Lk, which may be uncertain by a factor of two. 
If we take into account this uncertainty, data can be 
reconciled with younger burst ages. Thus the stellar 
population ages in the inner disk are in general con- 
sistent with the idea that the burst was triggered by 
the interaction. The same is not true for the outer 
disk, where the bulk of the population seems to be 
as old as 1 Gyr. At distances 10 kpc away from 
the center, majority of the AGB stars seems to be 
as old as 3 Gyr. So if the star formation started 
in the outer disk, and subsequently propagated in- 
wards, then the burst should have initiated before 
the latest encounter. Was the encounter happened 
much before the present estimates or was the star- 
burst related to any earlier encounter? 
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The pre-burst stellar disk of M82 most likely re- 
sembled that of a low surface brightness galaxy. De- 
tection of such a disk using the traditional surface 
photometric techniques is difficult due to the pres- 
ence of the glare of the burst stars. Identification of 
the pre-burst stellar population in the CMD would 
be the surest way for testing the existence of the pre- 
collisional disk. These stars are expected to be oc- 
cupying the main sequence and red giant branches 
of the CMD. Th e detection limit in the study of 
Davidge I (|2008al ) was not deep enough to identify 
these stars. The limiting magnitude for point sources 
of HST/ACS observations of M82 is above the main 
sequence turn-off magnitude, but are well below the 
tip of the RGBs. Hence, these images especially at 
radius greater than 2 kpc could be used for the de- 
tection of RGB stars. As of now, such a study was 
carried out only f or the halo, resulting in the discov- 
ery of RGB stars ([SaM^Madore][i99i). Detection 
of RGB stars in the disk will not only put strong con- 
straints on the mass of the stars formed before the 
starburst, but also would help in understanding the 
evolutionary state of M82. 
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